Human severe combined immunodeficiency (SCID) can be caused by defects in Janus kinase 3 (JAK3)-dependent cytokine signaling pathways. As a result, patients are at high risk of life-threatening infection. A JAK3 ؊͞؊ SCID mouse model for the human disease has been used to test whether transplant with retrovirally transduced bone marrow (BM) cells (JAK3 BMT) could restore immunity to an inf luenza A virus. The immune responses also were compared directly with those for mice transplanted with wild-type BM (؉͞؉ BMT). After infection, approximately 90% of the JAK3 BMT or ؉͞؉ BMT mice survived, whereas all of the JAK3 ؊͞؊ mice died within 29 days. Normal levels of inf luenzaspecific IgG were present in plasma from JAK3 BMT mice at 14 days after respiratory challenge, indicating restoration of B cell function. Inf luenza-specific CD4 ؉ and CD8 ؉ T cells were detected in the spleen and lymph nodes, and virusspecific CD8
The Janus kinases comprise a family of protein tyrosine kinases that play critical roles in cytokine signal transduction. Janus kinase-3 (JAK3) is unique in that it is expressed almost exclusively in hematopoietic cells (1) . JAK3 associates with the common ␥ chain for the receptors to interleukins 2, 4, 7, 9, and 15 (2) and is phosphorylated on tyrosine residues after ligand binding (3, 4) . Activated JAK3 then phosphorylates members of the signal transducers and activators of transcription (STAT) family of latent transcription factors known to be involved in a wide range of cellular processes (5) . Recently, it has been demonstrated that cases of SCID can result from either the complete absence of the JAK3 protein (6, 7) or expression of a nonfunctional mutant form (8) . JAK3 deficiency is responsible for roughly 7% of human severe combined immunodeficiency (SCID) cases, presenting with normal or elevated levels of B cells but very low T cell counts (9) . The consequence of the resultant deficiencies in both humoral and cellular immunity is that patients are highly susceptible to opportunistic infections, which commonly cause mortality at an early age (10) .
Bone marrow transplantation (BMT) is currently the best available treatment option for SCID patients. However, because most of these patients lack an HLA-matched sibling donor, haploidentical BMT often is performed (10) . Although this procedure results in clinical improvement in most patients (10, 11) , there can be incomplete reconstitution of B lymphocyte function (12) , graft failure (13) , and dysfunctional cytokine production by host-reactive T cell clones (14) . As a result, many of these patients must remain on i.v. gamma globulin therapy (10) . Transplant of genetically corrected autologous cells has the potential to circumvent most of these problems.
Gene therapy approaches for treating JAK3-deficient SCID patients with autologous BM currently are being tested in preclinical experiments. A study by Candotti et al. (15) demonstrated biochemical correction of JAK3-deficient EpsteinBarr virus-immortalized patient B cell lines in vitro after retroviral-mediated transfer of the human JAK3 gene. In addition, recently developed mouse models for JAK3-deficient SCID (16) (17) (18) have allowed studies aimed at correction of the immune deficient phenotype by targeting repopulating hematopoietic stem cells. Previously, we have demonstrated that retroviral-mediated gene transfer of murine JAK3 into BM from JAK3 Ϫ͞Ϫ mice (JAK3 BMT) was sufficient to restore peripheral blood T and B lymphocyte numbers and increase plasma Ig levels in transplanted mice (19) . However, it was still unclear whether the levels of lymphocyte reconstitution were physiologically significant. Because patients commonly succumb to viral infections, we have used this JAK3 BMT model to test whether gene correction would protect against a potentially lethal viral pathogen. These studies provide strong support for the potential efficacy of gene therapy for treating JAK3-deficient SCID patients.
MATERIALS AND METHODS
Retroviral Transduction and BMT. BM was harvested from the hind limbs of JAK3 Ϫ͞Ϫ mice (B6 ϫ 129; F 2 ), cultured with hematopoietic growth factors on GP ϩ E86͞MPSV-JAK3 ecotropic producer cells, and injected into irradiated (900 rad) mice as described (19) . Beginning at 4-6 weeks after BMT, mice were analyzed by flow cytometry for restoration of absolute B and T lymphocyte numbers in the peripheral blood (19) .
Inf luenza Virus Infection. JAK3 Ϫ͞Ϫ mice were infected intranasally with the Hong Kong influenza x31 (HKx31) virus, which is a laboratory-generated reassortant between A͞Ai-chi͞68 (H3N2) and A͞PR͞8͞34 (PR8, H1N1) that contains the H3N2 surface hemagglutinin (H) and neuraminidase (N) molecules and the internal components of the PR8 virus (20) .
The mice were anesthetized with avertin (2,2,2-tribromoethanol), then infected with 10 6.8 EID 50 (egg infectious doses). Those used in survival studies were monitored daily and euthanized if found severely moribund.
ELISA for Inf luenza-Specific IgG. Blood was obtained from anesthetized mice by bleeding from the retro-orbital sinus (21) . Purified HKx31 was dissociated and 96-well ELISA plates (Nunc-maxisorp, Fisher Scientific) were coated with 0.5 g of disrupted virus per well. Wells were washed with PBS͞0.05% Tween-20, blocked with PBS͞3% BSA, and then washed with PBS͞0.05% Tween-20. Plasma samples were diluted into PBS͞ 0.5% BSA͞0.05% Tween-20 and added to the 96-well plates. The plates then were washed and developed by using an established protocol (19) .
Tissue Sampling and Treatment. Inflammatory cells were obtained from anesthetized, infected mice by bronchoalveolar lavage (BAL). The BAL cells first were adhered onto plastic Petri dishes (Falcon) for 1 hr at 37°C to remove macrophages. Single cell suspensions were made from the cervical lymph nodes, mediastinal lymph nodes, and spleens, followed by lysis of red blood cells. The lungs were frozen (Ϫ70°C) and later homogenized in 1 ml of PBS. Virus was assayed by allantoic inoculation of 100 l in embryonated hen's eggs (22) and virus titers were expressed as log 10 EID 50 .
Staining Virus-Specific CD8 ؉ T Cells. Tetramers of major histocompatibility complex class I glycoprotein plus viral peptide (NPP), H-2D b complexed with influenza nucleoprotein NP 366 -374 , ASNENMETM, have been described (23) . Before staining, F c receptors were blocked by using purified antimouse CD16͞CD32 (Fc-␥RIII͞II receptor, PharMingen), and the lymphocytes were incubated with the NPP for 1 hr at room temperature, followed by staining with fluorescein isothiocyanate-conjugated anti-CD8␣ (53-6.7, PharMingen) for 30 min on ice. The lymphocytes then were washed and analyzed on a FACScan using Cell Quest software (Becton Dickinson).
Assaying Functional CD8 ؉ T Cells. For cytotoxicity assays, spleen, mediastinal lymph nodes, and cervical lymph nodes cells were pooled and incubated under bulk culture conditions as described (24) . Briefly, cells were cultured for 5 days in 12-well tissue culture plates (Costar) at a responder-tostimulator ratio of 2:1 and at a density of 3 ϫ 10 6 cells͞ml. The stimulators were irradiated (2,000 Rad) HKx31-infected or uninfected T-depleted splenocytes from wild-type (B6 ϫ 129) F 2 mice. Syngeneic MC57G target cells were infected with HKx31, pulsed with the NP 366 -374 peptide, or left untreated. The % specific lysis was determined as: [(experimental release Ϫ spontaneous release)͞(maximum release Ϫ spontaneous release)] ϫ 100. The enzyme-linked immunospot (ELISpot) assay for viral peptide-specific CD8 ϩ T cells (25) started with 4 ϫ 10 5 pooled lymph node and spleen cells that were serially diluted 2-fold. NP-pulsed, irradiated splenocytes from (B6 ϫ 129) F 2 mice were added at 2 ϫ 10 5 cells per well as antigen-presenting cells, and numbers of spot-forming cells (SFC) were determined after 40 hr of incubation.
Quantitating Functional CD4 ؉ T Cells. The CD4 ϩ set was enriched by incubating lymph node and spleen populations with anti-CD8␣ (53-6.72; ATCC) and anti-major histocompatibility complex class II (TIB 120; ATCC), followed by anti-rat-Ig and anti-mouse-Ig-coated Dynabeads and depletion with a magnet. The final population was examined by flow cytometry and contained Ͼ85% CD4 ϩ T cells and less than 0.03% CD8 ϩ T cells. The ELISpot assay was started with 4 ϫ 10 5 enriched CD4 ϩ T cells, using 2-fold serial dilutions. The CD4 ϩ T cells were stimulated with either uninfected or HKx31-infected, irradiated syngeneic splenocytes, and SFC numbers were determined after 72 hr of incubation. The CD4 ϩ T cell ELISpot assay has been described (26) and does not detect virus-specific CD8 ϩ T cells, which must be stimulated with peptide.
Statistical Analyses. Average values Ϯ SD were compared by two-tailed Student's t tests. Analyses were performed by using statistical analysis software for the Macintosh (INSTAT 2.03 shareware).
RESULTS
To test whether gene transfer into JAK3-deficient mice is sufficient to restore immune function, mice were transplanted with either wild-type BM expressing the endogenous JAK3 gene (ϩ͞ϩ BMT) or BM from JAK3 knockout mice (JAK3 Ϫ͞Ϫ) that had been transduced (19) with a JAK3-expressing retroviral vector (JAK3 BMT). These chimeric mice were tested for the presence of reconstituted B and T lymphocytes in the peripheral blood, beginning 4-6 weeks later. In all cases, ϩ͞ϩ BMT (n ϭ 10) and JAK3 BMT (n ϭ 16) mice showed a highly significant increase in the absolute number of B and T lymphocytes relative to JAK3 Ϫ͞Ϫ mice, of the same magnitude as those reported previously (19) . Mice transplanted with either unmanipulated JAK3 Ϫ͞Ϫ BM or JAK3 Ϫ͞Ϫ BM cultured on naive GPϩE86 cells (mock BMT) had lymphocyte counts identical to untransplanted mice and displayed an activated T cell phenotype as described (16) (17) (18) . By contrast, the numbers of activated T cells in JAK3 BMT mice were significantly lower in spleen and lymph nodes, similar to previous results (19) analyzing peripheral blood T lymphocytes (data not shown). However, because the magnitude of B and T lymphocyte reconstitution in JAK3 BMT mice was typically lower (data not shown) than in normal wild-type mice, the extent of functional reconstitution of the immune system remained questionable. The JAK3 BMT mice thus were tested for immune competence by challenge with 10 6.8 EID 50 of the HKx31 influenza virus at times ranging from 2 to 5 months after BMT.
Virus-Specific Antibody Response in JAK3 BMT Mice. Plasma samples were obtained at intervals after infection and influenza-specific IgG levels were determined by ELISA (Fig.  1) . The negative controls, which included untransplanted JAK3 Ϫ͞Ϫ or mock BMT mice, showed no detectable antibody response at 14 days after infection. However, all JAK3 BMT mice developed a normal virus-specific response within 14 days of virus challenge, with the levels in plasma remaining high until day 56 (Fig. 1) . The virus-specific Ig titers on day 56 in JAK3 BMT mice were also roughly equivalent to those found for mice transplanted with wild-type BM or untransplanted, wild-type mice (Fig. 1) . The humoral immune response to this respiratory pathogen was thus fully restored by JAK3 gene transfer into the JAK3 Ϫ͞Ϫ recipients.
Reconstitution of Cell-Mediated Immunity. Virus-specific CD4 ϩ and CD8 ϩ T cell responses were analyzed in the lymphoid compartment and the site of pathology in the lung for mice challenged intranasally with the HKx31 virus. Lymph nodes and spleens from three mice were pooled for ELISpot analysis to measure influenza-specific, interferon (IFN) ␥ SFC numbers 13 days after infection (Fig. 2) . The lack of SFC established that the JAK3 Ϫ͞Ϫ mice did not generate a virus-specific T cell response. By contrast, mice transplanted with either wild-type BM or JAK3-transduced BM showed similar frequencies for both the CD4 ϩ IFN-␥ ϩ and CD8 ϩ IFN-␥ ϩ SFC, which were significantly above those for untreated controls (P Ͻ 0.0001). Comparable results were obtained at 7 days after infection (data not shown). The lymphoid organs of the JAK3 BMT mice thus contain virusspecific T cells capable of proliferation and function in response to viral challenge.
Virus-specific CD8 ϩ T cells then were quantitated for the BAL population from the lung, as the primary site of influenza virus infection is the respiratory epithelium. The virus-specific CD8 ϩ T cell response was measured by direct flow cytometric analysis using the NPP (27) , which binds to T cells bearing Virus Clearance and Survival. Lung virus titers were determined at 7 and 13 days after challenge with the HKx31 virus (Fig. 4) . Evidence of clearance was already apparent for the ϩ͞ϩ BMT and JAK3 BMT mice by day 7, as the lung titers were obviously lower than those in the JAK3 Ϫ͞Ϫ mice (P Ͻ 0.0270). No evidence of residual infection was apparent on day 13 in ϩ͞ϩ BMT and JAK3 BMT, when lung virus titers were high in the JAK3 Ϫ͞Ϫ group. The virus-infected JAK3 Ϫ͞Ϫ mice became progressively ill, lost weight, and succumbed to the infection (Fig. 5 ) within 3-4 weeks of challenge (n ϭ 25 from three separate infections). The ϩ͞ϩ BMT or JAK3 BMT mice were protected, showed survival rates of 90%, and remained healthy for 11 months, the latest time point examined.
T Cell Memory. Spleen and lymph nodes were harvested from surviving mice on day 130 after infection and analyzed by ELISpot (Fig. 6 ). The frequencies of CD4
SFCs were similar for the ϩ͞ϩ BMT and JAK3 BMT mice, and significantly above background levels (P Ͻ 0.0117) (Fig. 6 ). This in vitro result, which in naive T cells involves JAK3-dependent signal transduction pathways, was obtained 9 months after transplant. In addition, a virus-specific cytotoxic T cell response was demonstrated for in vitro cultured T cells by Cr 51 release assay at this late time point (Fig. 7) . The retroviral gene transfer protocol thus effectively reconstituted long-term T cell memory.
DISCUSSION
Earlier experiments (19) established the feasibility of targeting hematopoietic stem cells from JAK3-deficient mice with a retroviral vector expressing murine JAK3. The key question that remained, however, was the extent of the correction under conditions of immune challenge. To fully test the reconstituted immune system of the transplanted mice, we chose to infect them with a potentially lethal influenza A virus. The capacity of the JAK3 BMT mice to deal with such challenge is clearly an important test for this gene therapy model, establishing that the repertoire of reconstituted T cells is sufficiently diverse to allow a specific host response to a complex foreign antigen. This test is relevant for patients receiving JAK3 gene therapy, because virus infections are a major cause of morbidity and mortality. In a retrospective study of 108 SCID infants, common problems at presentation were respiratory syncytial virus and adenovirus infections (9) . Uncontrolled growth of cytomegalovirus and Epstein-Barr virus infections is also a major cause of death in SCID patients (10) .
The choice of influenza virus for this study was based on several considerations. The immune response to influenza infection has been extensively characterized in wild-type mice (22, (28) (29) (30) . Lung viral titers peak 3-4 days after infection and decline to undetectable levels by day 10 (31). Although mice lacking either CD8 ϩ T cells (32) or B cells (33-35) have been FIG. 2 . ELISpot assay to quantitate the cellular immune response in spleen and lymph nodes of JAK3 BMT mice 13 days after influenza challenge. Spleen and lymph nodes were collected from infected mice and pooled for analysis. The cells were cocultured with antigenpresenting cells that were either HKx31-infected (CD4) or NP366-pulsed (CD8). Uninfected or nonpulsed samples served as negative controls and the background level of IFN-␥ production was less than 38 SFC͞10 6 cells. Numbers of IFN-␥ producing cells were determined by ELISpot assay in 96-well plates. The JAK3 BMT (gray bars) and ϩ͞ϩ BMT (white bars) mice showed a similar response for both CD4 ϩ and CD8 ϩ T cells. However, no significant response was detectable in the JAK3 Ϫ͞Ϫ mice (black bars). Results are expressed as the number of SFCs and represent data from three mice assayed as a pool. FIG. 1 . Levels of influenza-specific IgG in plasma from JAK3 BMT mice 14 and 56 days after challenge. Mice were infected intranasally with 10 6.8 EID50 of the HKx31 influenza virus, and plasma was collected from the peripheral blood at various time points. Antibody titers were determined by ELISA using the absorbance at 405 nm. No antibody response was detectable for the JAK3 Ϫ͞Ϫ mice 14 days after infection. By contrast, all JAK3 BMT mice showed normal titers of specific antibody at this early time point. Anti-influenza IgG levels also were determined in plasma from JAK3 BMT mice 56 days after challenge. The ϩ͞ϩ BMT and JAK3 BMT mice showed normal levels of circulating virus-specific Ig when compared with untransplanted wild-type mice (ϩ͞ϩ). The titers in JAK3 BMT and ϩ͞ϩ BMT mice did not differ significantly between days 14 and 56. Each line represents the antibody titer from an individual mouse.
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Medical Sciences: Bunting et al. Proc. Natl. Acad. Sci. USA 96 (1999) shown to survive infection, both T and B lymphocytes appear to work in synergy to protect against influenza virus and play important roles in recovery (34, 36, 37) . The consequences of influenza infection in SCID mice are clearly much more severe than for normal immuno-competent controls. In a study by Albert et al. (38) , infected C.B-17 SCID mice showed dehydration, weight loss, and lung disease consistent with proliferative pneumonia. Similar findings were noted here in JAK3 Ϫ͞Ϫ mice after infection with the HKx31 influenza A virus. The influenza model is thus an appropriate experimental system for determining whether restoration of JAK3 expression can confer resistance to infection.
The results presented here demonstrate that not only were the JAK3 BMT mice able to respond to virus challenge, but the magnitude of the immune response was not significantly different from mice transplanted with wild-type BM. The JAK3 BMT mice developed virus-specific Ig and CD4 ϩ and CD8 ϩ T cell response profiles comparable to those found in controls receiving ϩ͞ϩ BMT. Both humoral and cellular immune responses correlated with clearance of virus from the lungs and 90% of JAK3 gene-corrected mice survived in the long term.
Even moderate levels of JAK3 gene transfer appear to be sufficient to restore a functional immune system, because gene transfer levels into JAK3 Ϫ͞Ϫ BM-derived myeloid progenitors were typically in the range of only 15 to 25% with the MPSV͞JAK3 vector. Thus far, of 48 mice we have transplanted with JAK3-transduced BM, all have shown highly significant levels of lymphocyte correction, which was likely the result of the natural in vivo selective advantage for the gene-modified lymphocytes (19) . The presence of an in vivo selective advantage for JAK3-corrected cells is an important consideration for gene therapy, given that gene transfer into hematopoietic stem cells remains relatively inefficient in patients (39) . A strong selective advantage also has been observed in humans containing mutations in the common ␥ chain, a cytokine receptor component that associates with JAK3 and is necessary for its activation. Female carriers bearing mutations in the X-linked common ␥ chain gene show nonrandom X chromosome inactivation in both circulating T and B cells (40, 41) , indicating a selective advantage for lymphocytes that express the normal gene on the active X chromosome. Recent evidence also suggests that a spontaneous reversion of a common ␥ chain mutation, presumably occurring in a single T cell precursor, was sufficient to partially restore T cell function in a patient with X-linked SCID (42) .   FIG. 4 . Clearance of influenza virus from the JAK3 BMT mice. Lungs were collected from infected mice 7 and 13 days after intranasal challenge with 10 6.8 EID50 of the HKx31 influenza A virus. Virus was detectable after inoculation in embryonated hen's eggs for all three groups on day 7, but the titers in the ϩ͞ϩ BMT and JAK3 BMT mice were much lower than those in JAK3 Ϫ͞Ϫ mice. By day 13, the ϩ͞ϩ BMT and JAK3 BMT mice had cleared the infection from the lungs, but titers remained high in the JAK3 Ϫ͞Ϫ mice. Each symbol represents a single mouse.
FIG. 5. Protection against influenza virus in JAK3 BMT mice. The
HKx31-infected mice were followed long term to determine the effects of JAK3 gene transfer on survival. All mice from the JAK3 Ϫ͞Ϫ group (includes mock BMT mice and untransplanted JAK3 Ϫ͞Ϫ mice) became progressively ill and died by day 29 after infection. By contrast, roughly 90% of JAK3 BMT mice survived the challenge and lived long term. The relative survival of JAK3 BMT mice was the same as that seen after transplant of normal wild-type BM (ϩ͞ϩ BMT, Expt #1).
FIG. 3.
Influenza-specific CD8 ϩ T cells in the lungs of JAK3 BMT mice 13 days after influenza challenge. The BAL population was stained for influenza virus-specific CD8 ϩ T cells by using the NPP tetramer (NP366 ϩ H-2D b )-phycoerythrin and CD8-fluorescein isothiocyanate, followed by flow cytometric analysis. Significant populations of CD8 ϩ NPP ϩ cells were found by flow cytometric analysis of BAL cells from the ϩ͞ϩ BMT and JAK3 BMT mice, demonstrating the presence of infiltrating CD8 ϩ T cells specific for influenza virus. No significant numbers could be detected in JAK3 Ϫ͞Ϫ mice.
In addition, gene therapy clinical trials for adenosine deaminase deficiency also have shown a selective advantage for lymphocytes containing the ADA vector (43, 44) . Altogether, these data suggest that in the context of a gene therapy trial, a small number of JAK3-corrected cells may be sufficient for conferring significant benefit.
To date, two other examples have been reported where gene therapy has been used to correct animal models of immunodeficiency. These studies used models for chronic granulomatous disease (CGD) resulting from a deficiency in phagocyte oxidase (phox) p47 phox (45) or gp91 phox (46) proteins. After retroviral transduction of corrective genes into murine BM, mice were transplanted and subsequently challenged with either Burkholderia cepacia or Aspergillus fumigatus, respectively. In both studies, significant enhancement in survival of mice after infection was obtained when compared with the controls. However, the degrees of protection were substantially lower than that for normal wild-type mice. Also in those studies, the percentage of corrected cells obtained was found to be the rate-limiting step for providing resistance. The lack of an in vivo selective advantage for corrected cells in the CGD disease model is because the defect occurs in a terminally differentiated function of the granulocyte, rather than any step affecting granulocyte development or survival. In this case, as in most other disorders of the myeloid system, other approaches may be necessary to enhance levels of transduced cells (47) .
The JAK3-deficient mouse (16) (17) (18) model differs from the human disease in the lack of phenotypically mature B cells. However, deficiencies in both humoral and cellular immunity are apparent for JAK3-deficient patients, and the resulting functional phenotypes are very similar with those found in the JAK3 Ϫ͞Ϫ mice. Thus, correction of the defect in the mouse model represents an important step toward the goal of gene therapy for this disease. Clinical translation of this approach may require some modification of the protocol described here, however. The ideal setting for BMT in SCID patients is transplantation without prior irradiation. The necessity for myeloablation currently is being tested in JAK3 Ϫ͞Ϫ mice to model a clinical approach for umbilical cord blood stem cell transduction and transplant into neonatal recipients. In summary, these studies demonstrate the proof of principle that retroviral-mediated JAK3 gene transfer into repopulating hematopoietic cells can be sufficient to restore specific immunity and provide a high degree of protection against challenge with a virus pathogen. 
